The removal of central nervous system (CNS) tissues as part of bovine spongiform encephalopathy (BSE) risk material is one of the highest priority tasks to avoid contamination of the human food chain with BSE. No currently available method enables the real-time detection of possible CNS tissue contamination on carcasses during slaughter. The fluorescent pigment lipofuscin is a heterogeneous, high-molecular weight material that has been shown to be enriched in high concentrations in neuronal tissues. In this study, lipofuscin fluorescence was investigated as a marker for real-time detection of CNS contamination. Front-faced fluorescence spectra of brain and spinal cord samples from 11 cattle gave identical, reproducible fluorescence signal patterns with high intensities. The specificity of these spectra was assessed by investigating 13 different non-CNS tissues enabling the differentiation of brain and spinal cord by signal intensity and structure of the spectra, respectively. Small quantities of bovine spinal cord were reliably detected in the presence of raw bovine skeletal muscle, fat, and vertebrae. The presented data are a fundamental basis for the development of a prototype device allowing real-time monitoring of CNS tissue contamination on bovine carcasses and meat cuts.
INTRODUCTION
Bovine spongiform encephalopathy (BSE) is a fatal, neurodegenerative transmissible spongiform encephalopathy (TSE) in cattle that is thought to be the cause of variant CreutzfeldtJakob disease (vCJD) in humans (1). The oral route of infection is considered to be the most likely way of transmission of BSE to humans (2, 3). Since most BSE cases were diagnosed in the U.K. and other European countries, the global nature of BSE was highlighted by detection of the disease in cattle in North America (4, 5) and Japan (6) .
Removal of bovine SRMs (e.g., brain and spinal cord) from the human food chain is of critical importance for protecting consumers from BSE (7, 8) . Brain and spinal cord from BSE infected cattle have been shown to contain the highest infectivity titer of the causative agent of BSE, the abnormal prion protein PrP BSE (7) . As a consequence, many countries have banned bovine CNS tissues from meat and meat products (constituted by the European commission in Annex V Commission Regulation (EC) No. 999/2001 and for the U.S. in Docket 03-025IF of the USDA FSIS).
Thus far, only laboratory methods for the detection of CNS tissues as part of the BSE risk material have been developed. These include immunochemical detection and ELISA (9, 10) , gas chromatography-mass spectrometry (GC-MS) (11) , Western blot analysis (12, 13) , immunohistochemical methods (14, 15) , and a real-time reverse transcription (RT)-PCR assay (16, 17) . None of these methods is suitable for the direct real-time monitoring of CNS contamination on bovine carcasses during slaughter. Real-time-based detection of CNS tissue contamination allows immediate trimming and removal of remaining SRM from the carcass before it enters the food chain. In addition, meat cuts could be monitored after boning to prevent possible contamination with SRM tissues.
Fluorescence spectroscopy commonly is used in a variety of biological applications due to its high sensitivity and specificity (for a review, see refs 18-22) . For example, members of our group previously demonstrated the potential of fluorescence spectroscopy for the detection of fecal contamination on the surface of meat during slaughter (23, 24) . Here, we discuss the use of the pigment lipofuscin, a heterogeneous, high-molecular weight fluorescent material that has been shown to be enriched in high concentrations in neuronal tissues (25) (26) (27) (28) (29) (30) . Its exact chemical composition is controversial (25) . In previous steadystate front-faced fluorescence experiments, spectral features consistent with lipofuscin were found in bovine brain and spinal cord (25, 31) . To investigate the applicability of fluorescence from lipofuscin for a real-time detection of brain and spinal cord, spectral shapes and intensities of these two most important SRM tissues were investigated and compared to 13 non-CNS tissues. Furthermore, the detection sensitivity of bovine spinal cord in the presence of skeletal muscle, fat, and vertebrae was assessed.
MATERIALS AND METHODS
Collection of Bovine Tissue Samples. CNS and non-CNS tissue samples were collected from healthy male (n ) 6) and female (n ) 5) cattle directly after slaughter at local abattoirs (n ) 9) or during necropsy of healthy control animals at the National Animal Disease Center (n ) 2). All samples remained frozen at -20°C until processing. Breeds included Holstein (n ) 2), Simmental (n ) 2), and Angus cross breeds (n ) 7). Ages included 2 months (n ) 1), 5-6 months (n ) 2), 20-24 months (n ) 4), and 48-72 months (n ) 4) as determined by dentition. Brain and spinal cord were investigated as CNS tissues. The 13 non-CNS tissues were adrenal gland, bone (vertebrae), bone marrow, dorsal root ganglia, fat, heart, kidney, liver, lung, lymph node (e.g., iliofemoral ln), peripheral nerve (e.g., sciatic nerve), skeletal muscle, and spleen.
Steady-State Measurements. Steady-state fluorescence spectra were obtained on a SPEX Fluoromax-2 (ISA Jobin-Yvon/SPEX, Edison, NJ) with a 5 nm band-pass and were corrected for lamp spectral intensity and detector response. Fluorescence spectra were collected in a frontfaced orientation. To select the appropriate excitation wavelength, brain and spinal cord samples from cattle were excited at 350, 410, 470, and 520 nm. Excitation at 470 nm was determined to provide optimal measurements. Therefore, all samples were excited at 470 nm with an interference filter on the excitation side; emission was collected at wavelengths greater than 505 nm using a cutoff filter before the detector to eliminate scattered light. Polarized fluorescence spectra (not shown) were obtained using two polarizers, one on the excitation side and another on the emission side with an appropriate excitation interference filter and cutoff emission filter. Fluorescence spectra were taken in HH and HV orientations of the polarizers. These spectra were collected to verify that the features observed are not an artifact of scattered light. Statistical and graphical data analysis was performed by using Origin V. Seven software (OriginLab Corp.).
Investigation of Fluorescence Spectra of Bovine Brain, Spinal Cord, and Non-CNS Tissues. Ten identically sized cross and longitudinal sections (five of each) of identical regions of the frontal cortex and the cerebellum of each brain and 10 spinal cord samples from each animal were prepared. Each sample was placed on a microscope slide and stored in a dark moist chamber at e7°C for 120 min until collection of the fluorescence spectra at room temperature. Three cross-sections were prepared for the measurement of the fluorescence signal from each of the cervical, thoracic, lumbar, and sacral regions of the spinal cord from three different animals of 24 months (n ) 2) and 48 months (n ) 1) of age. Spinal cord samples from two different animals were kept at -20°C and used for the collection of fluorescence spectra after 0, 5, 26, 30, 50, and 56 h and 8 weeks. Longitudinal sections and cross-sections of the non-CNS tissues were prepared as described previously.
Sensitivity of Detection of Spinal Cord by Using the Front-Faced Experiment. The lower limit of detection was determined for the optimized setup of the front-faced experiment by using spinal cord cross-sections from two different animals. In general, the total surface area, exposed to excitation light, was 0.4 cm × 1.0 cm. Pieces of each spinal cord cross-section were prepared in duplicate, corresponding to surface areas of 0.4 cm × 0.4 cm and 0.1 cm × 0.2 cm and placed on microscope slides. For each sample, duplicate fluorescence spectra were collected, and the experiment was repeated. The lower limit of detection is defined by convention as the smallest size of tissue that could be detected.
Sensitivity of Detection of Spinal Cord in the Presence of Different Background Tissues. Bovine skeletal muscle, abdominal fat tissues, and vertebrae of two different cattle were used for the assessment of the detection sensitivity of spinal cord in the presence of background tissues. For the front-faced experiments, six sample sections of similar size and height were prepared from these tissues and were placed on microscope slides. Skeletal muscle and fat were cut into pieces of ∼0.2 cm × 0.2 cm. The slices from vertebrae were kept as single pieces that were ∼1.0 cm × 2.0 cm. Cross-sections of spinal cord were prepared from tissues collected from three different animals and prepared as described previously. Separate fluorescence spectra of all background tissue samples and the spinal cord itself were collected initially. Then, a piece of spinal cord was placed among pieces of skeletal muscle or fat and on top of the vertebrae samples, respectively. The sample size of the spinal cord was adjusted to represent fractions of (i) 10% and (ii) 5% of the surface area of the exposed excitation light. The sample size of the spinal cord was adjusted to represent fractions of ∼0.2 cm × 0.2 cm for a surface area of 10% and ∼0.1 cm × 0.2 cm for a surface area of 5%. All artificially spiked samples were prepared in duplicate, and the experiment was conducted twice.
Semiquantitative Measurement of Amount of Spinal Cord Added to Different Background Tissues by Means of Real Time RT-PCR.
A comparative analysis using real-time RT-PCR for the detection of ruminant glial fibrillary acidic protein (GFAP) mRNA was performed to (i) show that fat and muscle samples used as background tissues were free of CNS and (ii) show the reproducibility of our spiking experiments by using an alternative CNS detection method described previously (17) . Threshold cycle values (CT) obtained for the spiked samples were compared with the C T values from standards of bovine minced meat artificially spiked with low amounts of bovine spinal cord to quantify the total amount of CNS tissue in each sample. RNA was not isolated from samples with the spinal cord placed on vertebrae.
RESULTS

Selection of Excitation Wavelength.
Fluorescence spectra obtained using excitation wavelengths of 350 and 520 nm excitation were weakly fluorescent and noisy, whereas excitation at 410 nm yielded high-intensity spectra containing few characteristic featuressnamely only one noticeable peak. On the other hand, by using 470 nm as the excitation wavelength, we were able to obtain structured fluorescence spectra with a high signal-to-noise ratio from bovine brain and spinal cord. Therefore, we chose to use 470 nm as the excitation wavelength for all of the samples considered in this study. This is also consistent with observations reported previously (31) .
Fluorescence Spectra of Bovine CNS and Non-CNS Tissues. The solid CNS and non-CNS tissues fluoresced over a broader range when excited at 470 nm. Characteristic overlaid front-faced fluorescence spectra for CNS (spinal cord and brain) and non-CNS (kidney, dorsal root ganglia, liver, lymph node, peripheral nerve, adrenal gland, lung, fat, heart, vertebrae, skeletal muscle, bone marrow, and spleen) tissues are presented in Figure 1 . Fluorescence spectra from brain and spinal cord exhibited three prominent peaks centered at ∼525, ∼555, and 585-600 nm. There were two small shoulders centered at ∼625 and ∼695 nm. To check as to whether the peaks shown by the spinal cord were not caused by the light scattered from the sample, steady-state fluorescence anisotropy experiments using polarizing filters were undertaken. The HV spectra showed a structure very similar to that of the HH spectra (data not shown). This confirmed that the peaks found in spinal cord were not artifacts of the detection system. Similar results were obtained for brain and non-CNS tissues.
The spectral features of the CNS tissues were highly conserved in all samples studied regardless of age and breed. No differences in the structure and intensity were seen for brain samples taken from cerebrum or cerebellum as well as cervical, thoracic, lumbar, and sacral spinal cord. The possible influence of the storage time and tissue consistency on the fluorescence signal was determined by measuring the fluorescence spectra at different time points and after homogenization, respectively. Reproducible results were obtained even after the storage of spinal cord sections for 0, 5, 26, 30, 50, and 56 h and 8 weeks at -20°C. A bead beater was used for mechanical homogenization of bovine spinal cord. This did not affect the shape of the spectra but resulted in decreased signal intensity (data not shown). The most apparent difference between the two CNS tissues and all of the non-CNS tissues was the much higher fluorescence intensity obtained for spinal cord and brain tissues (Figure 1) . This observation strongly suggests that fluorescence techniques can be exploited to differentiate these two tissues from non-CNS samples.
The normalized signal intensity obtained for bovine spinal cord was ∼3 times higher than that from kidney and liver and 8-10 times higher than the intensity from skeletal muscle, fat, and vertebrae. Standard errors in fluorescence intensity are shown in Figure 2 . It is obvious that the spinal cord can easily be detected in the presence of skeletal muscle, fat, and vertebrae since the fluorescence intensity from these background tissues is very low. This might not be true in the presence of kidney, liver, and lymph node tissues.
On the basis of the nature of their fluorescence spectra, the non-CNS tissues offered several other interesting findings. Peripheral nerves and dorsal root ganglia, both part of the peripheral nervous system, as well as the non-CNS tissues liver, kidney, heart, and lymph node showed strong similarities to the spectra of the spinal cord (Figure 1) . This included the localization of the three peaks with similar relative peak intensities. However, in these non-CNS tissues, the two small shoulders centered at ∼625 and ∼695 nm were rarely present. Non-CNS tissues such as lung, adrenal gland, fat, skeletal muscle, bone marrow, vertebrae, and spleen showed different fluorescence spectra with regard to relative peak intensity and also peak positions from CNS tissues (Figure 1) . Lung tissue showed a quite different fluorescence spectrum with peaks centered at ∼520 nm, ∼555 nm, and a high intense peak at ∼600-610 nm relative to the first two peaks. This intense third peak was not observed in CNS and PNS tissues. For adrenal gland and skeletal muscle, the spectra did show three peaks at similar peak maxima like the CNS tissues, but the second and third peak had similar intensities. Fat tissue usually showed spectra with a single peak. A sharp peak at ∼545 nm and a sharp shoulder at ∼675 nm were detected. Bone marrow showed the three peaks known from CNS tissues, but with a higher intensity for the third peak and an extra broad shoulder at ∼655-665 nm. Spleen and vertebrae showed almost similar spectra as compared to that of bone marrow.
Investigation of Detection Sensitivity. The lower limit of detection for bovine spinal cord was addressed for the frontfaced fluorescence experiment itself. In addition, the possible interference of the presence of skeletal muscle, fat, and vertebrae on the ability to detect CNS tissue was investigated. The frontfaced experiment allowed reproducible collection of spectra described for spinal cord down to a surface area as small as ∼0.1 cm × 0.2 cm. Regardless of the presence of skeletal muscle, fat, or vertebrae, 100% detection sensitivity was observed for all of the spinal cord samples representing 10% (n ) 36) of the entire surface area investigated. By using the experimental setup described previously, 70% of all samples containing a 5% surface area of spinal cord in the background of fat (n ) 12) and skeletal muscle (n ) 12) as well as 80% of the samples in the presence of vertebrae (n ) 12) were identified correctly ( Table 1) . After the addition of 5% spinal cord, the fluorescence intensity was ∼1.5 times higher, and characteristic spectra for the spinal cord in the presence of background tissues were observed (Figures 3 and 4A-C) .
All fat and skeletal muscle samples used as background tissues for this experiment were shown to contain no CNS tissues by using real-time PCR analysis. Since solid vertebrae did not permit the possibility of obtaining a homogeneous mixture with spinal cord, the outer surface of these bones was removed to ensure that only a CNS-free background was used. (34) . Resumption of beef exports depended on several restrictions made by important trade partners Japan and South Korea. This included the removal of SRM (e.g., brain and spinal cord) and, in the case of South Korea, the acceptance of only boneless products, which represented an important export product for the South Korean market (33) .
Consumer protection from the spread of BSE to the food chain is based on (i) testing of cattle of particular minimal age for the presence of a BSE infection, (ii) ban of SRM (in particular, brain and spinal cord) from the food chain, and (iii) the ruminant feed ban. The materials identified as bovine SRM are the brain, skull, eyes, trigeminal ganglia, spinal cord, vertebral column (excluding the vertebrae of the tail, the transverse processes, and the wings of the sacrum), DRG from cattle of 30 months of age and older, and the distal ileum of the small intestine and the tonsils from all cattle (35) . The 30 month and older age classification for SRMs is accepted by the U.S. and several other countries based on O.I.E. (World Organization for Animal Health) requirements.
Current methods for detecting CNS tissues in meat and meat products are mainly based on ELISA and PCR techniques. The major drawbacks of ELISA (9, 10) or real-time PCR (16, 17) methods are their high costs and the need for varying degrees of access to laboratory environments and equipment, making them unsuitable for on-site monitoring during the slaughter process. On the other hand, light-based spectroscopic techniques are rapid and noninvasive, requiring no sample preparation. For example, we previously developed a method and apparatus for the real-time detection of fecal contamination on bovine carcasses using fluorescence-based detection of bovine feces containing undesirable bacteria, which has been proven to be a reliable technique (23, 24) ; it is now being adopted in packing plants in the U.S. and France. Using the same principles, we propose to use fluorescent lipofuscin as a marker of CNS tissue (36) .
Lipofuscin is a high-molecular weight granular yellow-brown substance that is believed to result from oxidative stress of many biomolecules, particularly polyunsaturated fatty acids. It is heterogeneous, highly fluorescent, and undergoes age related progressive accumulation in animal cells, mainly in postmitotic cells, such as neurons, cardiac muscles, and retinal epithelium. Lipofuscin is implicated in many aspects of normal health, including aging, oxidative stress, macular degeneration, lipid peroxidation, as well as some disease processes including A surface area of 5% spinal cord can be detected in the presence of skeletal muscle, fat, and vertebrae based upon fluorescence spectral shape and intensity. Detection sensitivity is given in Table 1. atherosclerosis, dementia (Alzheimer's disease), and prion diseases (25) (26) (27) (28) (29) (30) (37) (38) (39) (40) .
We observed in this study that spectra obtained from all solid bovine CNS and non-CNS tissue samples were not contaminated by the artifacts of scattered light. This was consistent with previous findings showing the occurrence of lipofuscin in high concentrations in brain and spinal cord (31) . Our investigation included male and female cattle at the age of 2-72 months. Since 24 month old bovines represent the largest contingent of slaughtered beef cattle in the U.S. (41), special care was taken to include samples of animals of this age in every part of the validation studies. We conclude that the detectability of the fluorescence signal is not affected by nonhomogeneous distribution of lipofuscin that might be age or sex dependent or be observed in different anatomical regions. This is consistent with the chemical stability of lipofuscin (25) . To give a more detailed analysis of possible age related variations in signal intensity, experiments are underway investigating a large number of age, sex, and breed matched samples. We also found that characteristic CNS tissue fluorescence spectra and intensities could be reliably detected after storage at -20°C for at least 8 weeks (data not shown). This observation is of special importance for the analysis of possible CNS contamination on meat cuts processed from frozen beef.
The shape of the spectra collected from spinal cord and brain were not tissue specific but also could be found in PNS tissues, liver, kidney, heart, and lymph nodes. In contrast, lung, adrenal gland, skeletal muscle, bone marrow, spleen, and vertebrae could be clearly distinguished with respect to relative peak intensity and in some cases also peak positions. However, the average fluorescence signal intensity of PNS and non-CNS tissues (except kidney and liver) is at least 4-5 times less than that in CNS tissues, offering the potential for the detection of low amounts of spinal cord and brain tissues on bovine carcasses based on different intensities. The presence of spinal cord on skeletal muscle, fat, and vertebrae also can be determined by the different spectral features.
We focused on the detection sensitivity of the spinal cord and the possible influence of different background tissues. Characteristic spectra of spinal cord were reliably detected down to a sample size of ∼0.1 cm × 0.2 cm. It is noteworthy that this low detection sensitivity also enables the detection of small dorsal root ganglia and peripheral nerve cords. Dorsal root ganglia have been classified as SRM, and peripheral nerves have been shown to contain low amounts of PrP BSE in BSE affected cattle (42, 43) . During slaughter, spinal cord fragments are easily spread over skeletal muscle, fat, and vertebrae, making those tissues the most important non-CNS tissues that were included in the present study. The fluorescent signal collected from 5% surface area of spinal cord and detected in 70% (skeletal muscle and fat) or 80% (vertebrae) of the samples, respectively, was not caused by the entire amount of fluorescent substances present in the sample but only the amount in the two-dimensional (2-D) area exposed to excitation light. This method does not allow comparison with CNS percentage values, which are usually used for semiquantitative measurements by ELISA or real-time PCR methods. The latter test systems refer to the amount of target material contained in the total initial weight and use the 3-D analysis of the entire sample. Therefore, real-time PCR-based detection of GFAP mRNA (16, 17) was selected to investigate the quality of the artificially contaminated samples. This method previously showed its accuracy and robustness in a multicenter trial (44) . Its high tissue specificity and potential for accurate quantification of CNS tissues were proven recently in direct comparison with two commercially available ELISAs (45) . Since all skeletal muscle and fat tissues were free of CNS tissues as confirmed by PCR analysis, it was proven that the spectra obtained from these tissues were not due to CNS contamination. As indicated by C T values, all artificially spiked samples were homogeneous preparations containing an entire amount of spinal cord ranging from 5% in muscle to 7% in fat. In comparison, semiquantitative measurements of spinal cord contamination on bovine carcasses varied from 0.5% (46) to more than 1% (data not shown). Since the front-faced experiment collects the fluorescence of the CNS tissue located only on a sample surface, the detection sensitivity obtained by fluorescence spectroscopy is actually lower than the detection sensitivity reported by realtime PCR analysis.
The fluorescence spectra of fat and vertebrae not only differed in signal intensity but also in shape. As a consequence, the potential to lower the detection sensitivity can be easily achieved. Similarly, the sensitivity for detection of spinal cord in the presence of skeletal muscle can possibly be increased by comparing the fluorescence signal intensity ratio between the second and the third peak. The third peak always gave a lower signal intensity in the spinal cord but a higher intensity in skeletal muscle.
The present study revealed the potential of fluorescent marker substances, such as lipofuscin, for the real-time detection of spinal cord on bovine carcasses and processed meat cuts including bone-in or boneless products. The front-faced experiments were conducted with a well-standardized, but technologically simple, setup that allowed the detection of small amounts of bovine spinal cord in the presence of fat, skeletal muscle, and vertebrae. Our future work will focus on the development of industrial prototypes such as a hand-held device or entire carcass imaging. Future focus will be on complex mixtures of CNS tissues with background tissues obtained from skeletal muscle, fat, and sawdust of vertebrae and other bones. Realtime monitoring for possible CNS contamination during slaughter would provide an additional, science-based tool for sanitation procedures for the removal of SRM at the abattoir. A benefit to the beef production industry would be an improved product quality assurance and would result in increased consumer protection.
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